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A key challenge in the fabrication of ferromagnetically filled 
carbon-nanotube buckypapers in presence of Cl-radicals is the 
achievement of a preferential horizontal nanotube-alignment. We 
show that a horizontal-alignment can be achieved by tuning two 
main CVD parameters for a fixed dichlorobenzene concentration: 
the precursor-evaporation temperature and the flow rate. 
For more than a decade carbon nanotubes (CNTs) filled with 
ferromagnetic materials like -Fe and Fe3C have been an 
important focus of research owing to their high chemical 
stability, tuneable anisotropies, high saturation 
magnetizations and coercivities1-21. These nanostructures are 
generally grown in the form of partially filled vertically 
aligned films through a method known as chemical vapour 
deposition (CVD) in which one or more metallocene 
precursors are evaporated and pyrolysed on the top of 
smooth Si/SiO2 substrates
1-21. In particular the control of 
CNTs filling rate has posed many challenges owing to the 
fixed Fe:C (1:10) ratio of the metallocenes precursors. Recent 
reports have shown that the use of low vapour flow rates 
can be very useful for the promotion of high CNTs filling 
rates in radial structures produced in viscous boundary 
layers22, in flower-like structures produced by homogeneous 
nucleation in perturbed CVD23 and in vertically aligned CNT-
films where the length of the encapsulated -Fe ferromagnet 
can be enhanced by using low vapour flow rates and 
controlled evaporation rates as shown by Peci et al.24. 
Instead the use of high vapour flow rates has been reported 
to create discontinuities in the CNTs -Fe filling25. 
Differently, the control of filled CNTs alignment in a 
horizontal direction is still a strong challenge. Recent works 
have shown that mixture of single or mixed metallocenes 
with Cl-containing hydrocarbons can allow the fabrication of 
very elastic membranes known as buckypapers which 
comprise entangled CNTs highly filled with Fe3C or other 
alloys26-33. The Cl radicals can enhance the carbon nanotubes 
filling rates through the formation of CCl4 species which can 
remove carbon feedstock from the pyrolyzing system and 
can slow down the CNT growth and filling processes by 
chemically etching the catalyst surface. The highly tuneable 
magnetic properties and high flexibility demonstrated in 
literature make these films suitable candidates for numerous 
applications as flexible ferromagnetic electrodes, actuators, 
field emission devices, artificial muscles, organic vapour 
sorbents, hydrogen storage systems, fire retardancy and 
many others26-35. However, ultimately, the properties of 
these films could be further enhanced by controlling both 
the alignment and filling rate of the CNTs comprised in the 
buckypaper, opening new avenues toward the development 
of flexible data storage devices, actuator devices, flexible 
exchange bias devices and other spin-based type devices. In 
this paper we show that such control of CNTs alignment can 
be achieved by tuning two main parameters of the CVD 
system for a fixed dichlorobenzene concentration: the 
evaporation temperature of the precursor and the vapour 
flow rate. Through scanning electron microscopy (SEM) and 
backscattered electrons (BE) we show that the alignment of 
the nanotubes increases with the vapour flow rate at which 
the ferrocene/dichlorobenzene mixture is delivered in the 
decomposition zone of the CVD system.  Also we show that 
the size of the bucky-paper is strongly dependent on the 
evaporation temperature of the precursor-mixture and 
increases with the decrease of the evaporation temperature 
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from 120 °C to the value of 90 °C. Attempts to use higher 
evaporation temperatures led to the formation of 
amorphous carbon and small quantities of iron-chloride due 
to the high concentration of Cl in the reactor. The crystal 
structure and composition of the as grown buckypapers is 
investigated through X-ray- diffraction (XRD) and -
photoelectron spectroscopy (XPS). The metal content is 
investigated through thermogravimetric analyses (TGA). The 
magnetic properties of the buckypapers grown at different 
evaporation temperature and flow rate are investigated 
through vibrating sample magnetometry (VSM). The 
metallicity and the degree of horizontal alignment within a 
typical aligned CNTs buckypaper are investigated through 
Seebeck coefficient measurements (see supp info for 
detailed experimental section). The morphology of the cm-
size (1.5 cm X 1.5 cm) buckypapers obtained with an 
evaporation temperature of 120 C was firstly revealed by 
SEM analyses. Fig.1 shows a top view with an increasing level 
of detail of a buckypaper obtained with an evaporation 
temperature of 120 C and an Ar flow rate of 100 mL/min. 
The CNTs comprised in the buckypaper are found to be 
highly aligned in one direction which can be identified as that 
of the Ar flow during the growth in the CVD reactor. The high 
alignment is shown in Fig.1A-C with an increasing detail. The 
investigations of the filling rate with BE revealed that 
continuous filling is present in the CNTs (Fig.1D).  This was 
also confirmed by TEM measurements. A top view of single 
filled CNTs analysed through TEM is shown in Fig.2A-B while 
a high detail of the encapsulated crystals is shown in Fig.2C-D 
with high resolution. The observed lattice spacings of 0.4 nm 
and 0.5 nm correspond to those of Fe3C single crystals (100 
and 001 reflections) with space group Pnma. Interestingly in 
the region of CNT-closure a decrease in the CNT-walls 
number is found (see yellow and magenta arrows).  
 
Figure 1: SEM micrographs (A-C) showing the high alignment of the CNTs comprised 
in the buckypaper obtained with vapour flow rate of 100 mL/min and evaporation 
temperature of 120 
o
C. In D the very high filling rate of the CNTs is shown with high 
detail. 
This can be associated to the etching behaviour of the Cl-
radicals during the CNT-growth process. 
 
Figure 2: TEM micrographs (A-B) and HRTEM micrographs (C-D) showing the Fe3C- 
filling rates of the CNTs obtained with a flow rate of 100 mL/min and evaporation 
temperature of 120 
o
C.  
 
A different morphology was found in the buckypapers 
(dimensions of 1.5 cm X 1.5 cm) obtained with an 
evaporation temperature of 120 C and an Ar flow rate of 20 
mL/min. As shown in Fig.supp 1 with a systematic increase of 
detail (Fig. supp 1 A-C) in these conditions the CNTs 
alignment is lost and the CNTs within the buckypaper have a 
random orientation. Also in this case BE analyses (see Fig. 
Supp.1B) revealed high filling rates of the CNTs capillary 
(bright areas).  These observations confirm the key role 
played by the vapour flow rate in the control of the CNTs 
horizontal alignment. A higher detail of morphology, filling 
rate and structure of these CNTs obtained with a flow rate of 
20 mL/min is shown also in the TEM and HRTEM micrographs 
in Fig. Supp 2. As for the aligned CNTs buckypaper, also in 
this case the observed encapsulated crystals corresponded 
to the Fe3C phase, however a lower filling rate is observed. In 
order to further confirm the presence of Fe3C as a single 
phase in the sample, further analyses were performed with 
XRD. As shown in Fig.Supp3 the XRD analyses performed in 
both the types of samples produced with flow rates of 100 
mL/min and 20 mL/min revealed the presence of a single 
phase of Fe3C with space group Pnma characterized by 
preferred orientations. These results were also confirmed by 
Raman and XPS measurements (see supp info Figs 4-5) which 
also revealed the presence of oxygen impurities probably 
adsorbed in the buckypaper pores (see supp info Figs 5-6) . 
Note that the size of the produced buckypapers could be 
further increased to that of 1.5 cm (width) X 3.5 cm (length) 
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by decreasing the evaporation temperature of the precursors 
to 90 oC without changing the structure of the encapsulated 
crystals which remained that of Fe3C with space group Pnma. 
This size-change can be explained by considering that the use 
of a lower evaporation temperature allows a lower rate of 
dichlorobenzene evaporation and therefore a lower 
concentration of Cl radicals in the pyrolysing system. In our 
experiments we find that in conditions of low Cl-radicals 
concentrations almost no residues of metal chloride are 
found in the CVD system, suggesting that in such conditions 
the formation of CCl4 species is more probable. This 
observation explains why the use of low evaporation 
temperatures of 120 oC , 90 oC or lower is crucial. Note that 
the XPS analyses of the aligned CNTs buckypapers excluded 
the presence of Cl residues in the samples. Instead if the 
evaporation temperature is increased up to 220 oC, owing to 
the higher concentration of Cl species in the system, only 
metal-chloride phases and amorphous carbon will be 
obtained as product. The metal-based filling content of the 
CNTs was then investigated. As shown in Fig.3 (A-B) the TGA 
analyses revealed an extremely high metal content inside the 
CNTs. The measured filling content in the case of the 
buckypapers of aligned CNTs produced with vapour flow rate 
of 100 mL/min is comparable with that obtained with a 
lower flow rate. The highest metal content (50.9 %) was 
obtained when the evaporation temperature of 90 oC and 
the vapour flow rate of 20 mL/min were used. The measured 
metal content is also comparable to those observed in the 
previous reports on filled-CNTs produced in presence of Cl 
radicals 26-32. The magnetic properties were also investigated 
with VSM at room temperature. As shown in Fig.4 the 
obtained saturation magnetizations values of 57.8 emu/g 
(red hysteresis), 39.1 emu/g (blue hysteresis), 25.4 emu/g 
(black hysteresis) and 23.9 emu/g (green hysteresis) are 
comparable to those reported in literature for large size 
Fe3C-filled buckypapers 
26. It is interesting to notice that the 
saturation magnetization of the aligned-CNTs buckypapers 
obtained with a vapour flow rate of 100 mL/min decreases 
when the evaporation temperature is decreased to 90 oC. 
Instead for the CNTs buckypapers obtained with vapour flow 
rates of 20 mL/min an increase in the saturation 
magnetization is found. This is in agreement with the TGA 
analyses outlined above. The measured coercivities were 
instead similar for all the buckypapers-type (500 Oe).  
The Seebeck coefficient was measured to assess the 
metallicity and the degree of horizontal alignment within a 
typical aligned CNTs buckypaper using the analysis of 
thermoelectric behaviour of aligned and randomly oriented 
CNT networks by Baxendale et al36. The linear relationship 
between Seebeck coefficient and temperature, Fig.5, is a 
strong indicator of both the metallicity that results from the 
graphitic CNT walls and a high degree of horizontal 
alignment of individual CNTs.  
 
 
Figure 3: TGA analyses of the buckypaper produced with evaporation temperatures 
of 90 and 120 oC and vapour flow rates of 20 and 100 mL/min.  
 
 
Figure 4: Hysteresis loops measured at room temperature in the buckypapers 
produced with evaporation temperatures of 90 and 120 oC and vapour flow rates of 20 
mL/min and 100 mL/min.  
Conclusions 
In conclusion we have shown an advanced CVD method 
which allows the fabrication of buckypapers comprising CNTs 
highly filled  with Fe3C characterized by a high horizontal 
alignment. This result is achieved by tuning (for a fixed 
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dichlorobenzene concentration) two main parameters: the 
evaporation temperature and the vapour flow rate. 
 
Figure 5: The temperature dependence of Seebeck coefficient of a typical 
buckypaper. The observed linear, through-the-origin characteristic is a strong indicator 
of both the metallicity that results from the electronic band structure of graphitic 
carbon and a high degree of horizontal alignment of individual CNTs in the 
buckypaper
34
. The dotted line is a guide to the eye. 
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